Selective attention was studied in displays containing singletons popping out for their odd form or color. The target was defined as the form-singleton, the distractor as the color-singleton. The task was to discriminate the length of a longer line inside the target. Target-distractor similarity was controlled using a threshold measurement as dependent variable in experiments in which distractor presence vs absence, bottom-up vs top-down selection (through knowledge of target features), and target--distractor distance were manipulated.
INTRODUCTION
In the past decades much research has been dedicated to studying selective attention, that is the ability to draw on only part of the enormous amount of information present in the behavioral enviror~ment (Broadbent, 1958; Vergese & Pelli, 1992 ; for reviews, see Desimone & Duncan, 1995; Cantoni, Caputo, & Lombardi, 1996) . Recently, Palmer, Ames, & Lindsey (1993) and Palmer (1994) tried to obtain a quantitative measure for the intervention of selective attention in a controlled and fully justified theoretical framework. In the present paper we extend previous work by Palme:r et al. (1993) stimuli that have been largely demonstrated to strongly engage selective attention. In the sequel we resume previous experimental results within a framework more congruous to the system approach typical in psychophysics and neurobiology, and we present considerations that led us in the design of the experiments. Selective attention has been studied mainly with visual search experiments in which the observer searches for a target element among other elements. The experimental manipulation consists in varying the total number of elements in the display (called display set-size) and measuring the response time for target presence or absence (Treisman & Gelade, 1980) . The results indicate that in stimuli in which the target differs on the basis of some salient feature from the other elements (a so-called "feature-search") it can be effortlessly distinguished independently of display set-size (an effect called "popout"). On the other hand, when the target shares its 669 670 G. CAPUTO and S. GUERRA features with the other elements in the display (a so called "conjunction-search"), response times are commonly found to linearly increase with set-size (a result called "set-size effect") with a slope that is half the slope for stimuli in which the target is absent.
The classical interpretation (Treisman & Gelade, 1980 ) of these results is that selective attention is not involved in feature-search and such stimuli are perceived at a processing stage that precedes attention. Instead, in conjunction-search selective attention is paid serially to one element at a time, so that when the target is present it is found, on average, after half of the items in the display have been examined. From this classical viewpoint the attention mechanism is considered a serial process that glues or conjoins object features at one location at a time, like a spotlight that is moving on the image.
Nevertheless, three main problems are present in these early studies and in the classical interpretation of their results. In the following, these problems are delineated and possible solutions outlined.
Indirect evidence of a serial stage
The first problem is that evidence for a serial stage of selective attention is only indirect because it is inferred from overall slopes. Given the fact that stimuli are somewhat complex, it is not assured that slopes descend from a circumscribed processing stage as the hypothesis of serial attention assumes. Indeed, multiple fixations are often required for finding the target and steep set-size slopes can be a consequence of repeated fixations. In fact, when a closer look is given to the search data, set-size slopes in present-and absent-target conditions become parallel up to 8 display elements, hence suggesting that a resource-limited parallel process can be involved which operates on a chunk of information at a time (Pashler, 1987) . Therefore, set-size slopes can be differently interpreted; hence overall slopes are uneven to be used for outlying selective attention as a processing stage with its operative characteristics.
To overcome this drawback, different methods have been adopted, for example brief expositions. More profitably, some researchers tried to isolate the single "step" involved in selecting one item in a complex display during visual search so as to approximate the elemental processing implicated. This approach reduced the number of relevant items to a very small set. The limit condition is of course when only one element becomes relevant, a case well epitomized by abrupt onsets: when an element appears de novo in a display containing other static elements it is discriminated independently of the number of the static elements, indicating that it captured attention (Yantis & Jonides, 1984) .
Using a similar approach, other studies (Pashler, 1988 ) enlarged the number of relevant elements by using "singletons" that are elements that strongly pop out as a result of a salient difference in some feature from the other uniform elements present in the display. Theeuwes (1991, Expt 2) showed interference in response times when discriminating the orientation of a line contained in a target form-singleton among non-target uniform elements when a color-singleton (task irrelevant but acting as distractor) was also present (a stimulus analogous to that used by Theeuwes is illustrated in Fig. 1 ). On the other hand, changing the number of nontargets had no effect on response times, indicating that only target and distractor singletons competed for selection, whereas non-targets only served the scope to produce singletons (Theeuwes, 1991; Bacon & Egeth, 1994) . Therefore, the intervention of selective attention can be shown through the difference between the response times in the present-vs absent-distractor conditions.
In the experiments reported in the present paper we used this kind of stimuli. Seven forms were displayed around a fixation cross (Fig. 1) . The target was defined as the odd form among non-target items having an identical form, either a single disk among diamonds or a single diamond among disks. Two conditions were used concerning the distractor, which was either absent [Fig. I(A) ] or present [Fig. I(B) ]: in the second case the distractor had the same form of non-targets but its color was different from identically colored target and nontargets. In other words, the target was the form-singleton and the distractor the color-singleton. In this sense, the non-targets were relevant only for determining the status of singleton for items having an odd feature, while both target and distractor strongly popped out from the display. With these stimuli we expect to isolate the basic processing "step" involved in selective attention by comparing performance when the distractor was present, so that the target had to be selected attentively, with performance when only the target popped out.
Attentional control setting
The second problem with early studies of visual search is that little consideration was given to the role of advance information that the observer can use in searching for the target. In classical search experiments the observer always knows the target features. However, not all search tasks can take advantage of this advance knowledge. Indeed, feature-search (pop-out) tasks can be accomplished without such knowledge. Instead, in principle, lack of knowledge of target features in conjunction-search tasks gives rise to a combinatorial explosion, in the sense that the number of misleading conjunctions that have to be explored exponentially increases as long as the number of features that have to be conjoined is increased (Tsotsos, 1990 (Tsotsos, , 1993 .
Given this influence of advance knowledge on the attentive search task, selective attention is hardly classifiable as an early stage of stimulus processing such as edge detection or texture segregation. Broadbent (1958) already indicated that attention can be manipulated both by immediate stimulus and by instructions, for example, by giving cues to the relevant source of information. In connection to search experiments, evidence was found by studies that observed large inter-individual differences. These studies reported the ability of some subjects to carry out difficult search tasks without producing set-size effects (Wolfe, Cave, & Franzel, 1989) . This was explained by the fact that the subjects searched only across the elements having a particular feature shared with the target. This top-down
+ effect due to the knowledge of target features can eliminate any experimental evidence for the intervention of attention (Cave & Wolfe, 1990) .
On the basis of these results, selective attention can be considered a processing stage in which information stream is controlled. Attentional control has been classified as bottom-up (stimulus driven, based on the stimulus characteristics) or top-down (goal-directed, based on the subject's knowledge of target features or of target spatial location) on the basis of the source of information which attention uses when searching the target. Usually the behavior lies on a continuum between these two extrema, given the different degrees of knowledge that the observer can possess with respect to target features.
In relation to the experiments that use singletons, often the target is defined as the form-or color-singleton without the subject having advance knowledge of target features (Pashler, 1988) . In other terms, in these experiments the target features are unpredictably interchanged between target and non-targets. Indeed, only in this experimental set-up the intervention of attention is evidenced, whereas when the subject knows the target features in advance he/she usually changes strategy and searches for those features. In this last case, a distracting singleton usually produces little or no interference (Pashler, 1988; Bravo & Nakayama, 1992) . There are, nevertheless, other studies that have found an interference in response times, even when target and distractor features are known in advance (Theeuwes, 1992) .
In the present paper we exploit this difference in attentional control with the scope of using target features as a cue: the top-down component of selective attention should effectively limit the distracting effect produced by an irrelevant singleton. In one experimental condition the target was defined to be the form-singleton (randomly either the single disk among diamonds or the single diamond among disks) and the color of both target and non-targets was randomly chosen in each trial to be either (c) 0 + FIGURE 1. Examples of the stimuli used in the experiments. In the actual stimuli the forms appeared colored on a dark monitor. Differences in color (red, green, or blue) are represented as differences in gray level. Stimuli contain three kinds of objects: target, non-targets, and (when present) distractor. The target is the single element having an odd form (i.e. the target is the form-singleton) among non-targets having an identical form; target and non-targets have the same color. The distractor is the single element having an odd color (i.e. the colorsingleton) and the same form of non-targets. Non-targets and distractor contain a horizontal line segment of constant length. Thresholds are measured for the length of the line within the target. (A) Absentdistractor condition, in which only the target form-singleton pops out; in this case the target is the diamond. (B) Present-distractor condition in which one distractor color-singleton is present; in this case the target is the disk. (C) Two-distractor condition used in Experiments 4 and 5 in which two color-singletons act as distractors; in this case the target is the diamond and the two distractors have different colors from nontargets and between them. In the stimuli, target-Klistractor distance is measured as the minimal difference in position along the circular array; for example, in (B) target-distractor distance is d = 3; in (C) distances between the target and either distractor are represented by the two-plet { 1,2).
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G. CAPUTO and S. GUERRA red or green, with the distractor in the other color. In the second experimental condition, advance knowledge of target features was given to the observer by defining the target as the single green disk among green diamonds (non-targets) and, when present, a red diamond (distractor). Therefore, in both conditions the target was the popping out form-singleton and only the degree of topdown control varied. From a set-size viewpoint this should reduce the number of items to search (singletons in the present case) to only the one that is relevant to the task at hand (Palmer et al., 1993; Yantis & Jonides, 1990) .
Set-size slopes
The third problem is the more critical with respect to early studies that used response times. Set-size effect was found to critically depend on the degree of similarity between the items in the display (Duncan & Humphreys, 1989) . In fact, even simple tasks classified as preattentive can lead to large set-size effects when the target differs slightly from the other elements (Treisman & Gormican, 1988; Nagy & Sanchez, 1990) . This finding disagrees with the classical assumption (Treisman & Gelade, 1980 ) that selective attention is involved only in conjunction-search but not in feature-search tasks. In general, this drawback impedes the meaningful quantification for the intervention of attention across different set-sizes, or, even more dramatically, it impedes any characterization of attention as a process that accomplishes defined operations independently of the kind of stimuli used. Palmer et al. (1993) devised a solution for controlling similarity through the use of psychophysical thresholds as dependent variable. Their "threshold search paradigm" allows us to equate similarity at the same level of discriminability (usually 75% correct) across different set-sizes and across different stimuli (Palmer, 1994) . With this methodology, they investigated simple search tasks (e.g., involving length discrimination for a longer line; Palmer et al., 1993, Expt 1) and summarized the intervention of attention as the slope of a linear function in a log-set-size log-threshold plot. The theoretical scope of the authors was to use set-size effect for testing two different hypotheses present in the field of attention. According to the first hypothesis, set-size effect is decisional: it is due to the increase in the probability to make an incorrect choice with the increase in the number of elements to choose from. According to the second hypothesis, set-size effect is perceptual: it is due to the limited amount of resources available for sampling the input information. Palmer et al. (1993) (Appendix) were able to calculate the search slopes predicted by the two hypotheses given the probability of correct responses (corresponding to the threshold). The comparison between these predictions and their experimental results for simple search stimuli completely favored the decisional hypothesis.
In the present paper we exploit the threshold search paradigm. The subject's psychophysical task was a length discrimination concerning the line segment within the target (see Fig. 1 ). Length thresholds were estimated with a staircase procedure. Therefore, target saliency was controlled across conditions (absent-vs present-distractor) and experimental set-up (unknown-vs known-targetfeature) for having the same similarity.
It should be noted that in our stimuli target saliency is determined both by its odd form with respect to the other items in the display, and by the longer line within it popping out by length with respect to the other line segments. In this sense our experiments compare object saliency. Another possible interpretation is that singletons operate as spatial peripheral cues to the location of the target line.
Summary
In short, in this paper we try to extend the work by Palmer et al. (1993) and Palmer (1994) to tasks that are largely demonstrated to involve selective attention. Attention is reduced to the basic condition of searching a target when only one distractor interferes. The selection is characterized as a processing stage that is later than early segmentation and that is under voluntary control. Comparisons between conditions are made meaningful by controlling similarity through threshold measurements.
Taking these instruments to obtain an accurate measure of selective attention, we investigated its processing mechanism in more detail. First, we hypothesize that selective attention is a well defined processing stage. This view is sustained by neurobiological works showing the specific involvement of area V4 in the primate visual system Schiller, 1993) . On the other hand, this view is different from some computational models (Koch & Ullman, 1985; Olshausen, Anderson, & Van Essen, 1993) which consider selective attention as a control of information flow distributed along the feedforward connections between successive layers in a pyramidal multiresolution model of the cortical architecture.
Second, we hypothesize that selective attention is a stage that is recruited when distractors (whose status of distractor is determined by the template required by the task at hand) are to be discarded and the target extracted. More generally, selective attention is required if target signal is overwhelmed by other signals present in the image (Schiller, 1993) .
Third, we expect that bottom-up/top-down manipulation can reveal something about the role of selective attention. Selective attention operates at an intermediate stage between early object segmentation and later object recognition. This mechanism matches candidate objects to a template (in which knowledge about the task at hand is stored) like a switching mechanism between potential target objects. When target features are not known in advance this mechanism must switch at each stimulus presentation so that its operation has to be dynamically set at "run-time". In contrast, in the known condition, this switch is already set before stimulus arrival, so its dynamics can hardly be experimentally manifested.
Fourth, we hope to insert selective attention in the domain of spatial vision. In fact, this is the view that neurophysiological results support: from early to higher stages in the cortical architecture, neurons become selective for increasingly complex features. Therefore, we expect that attentio'a involves high-level spatial interactions. Moreover, from early to higher stages, neurons' responses become less anchored to the visual stimulus and increasingly dependent on the viewer's current interest (Maunsell, 1995) . Therefore, we expect that high-level spatial interactions in selective attention are dynamically set under the viewer's control.
In the following, Experiment 1 demonstrates an interference effect due to a distractor. In Experiment 2, top-down control is allowed by giving prior knowledge of target features, and it is shown that the distractor then has no effect. In Experiment 3, the distance between target and distractor is controlled to show surround inhibition in selective attention. Finally, Experiments 4 and 5 extend the results to stimuli containing two distractors. Theoretical investigations regarding perceptual/decisional effects of selective attention, as well as relations to recent neurophysiological result:~ and computational models are treated in the General Di:~cussion.
EXPERIMENT 1
In this experiment the target was the form-singleton and the distractor cond!itions (absent-vs present-distractor) were intermixed [ Fig. I(A, B) ]. Target features reversed randomly so thai only bottom-up selection could be used. Thresholds for length discrimination of the line segment inside the target were measured.
Methods
Apparatus. Stimuli were computed by a PC, displayed on a color monitor (1024 x 768 resolution, 84 Hz vertical refresh) and viewed at a distance of 60 cm in a normally l'ghted room. At this distance a pixel subtended 1.58 rain arc. All phases of the experiments reported in this paper were under computer control. Stimuli. The stimuli were seven forms (disks and diamonds) arranged in a circular array at a radius of 3.3 deg around the fixation cross that appeared in the monitor center. The foims were randomly positioned around the array and equLally spaced among them. Their size was chosen to have approx, the same area: the disk diameter was 1.4 deg, the diamond side 1.22 deg. At the center of each form a white horizontal line was present (1.58 min arc thickness). Its length was fixed at 0.58 deg for non-targets and distractors, whereas it was changed with a staircase procedure for the target form.
In each display, all but one form were identical: the target was the odd form: either the single disk among diamonds or the single diamond among disks. Target position in the array was random.
The forms appeared colored on a dark monitor. Two colors were used, red and green, that were set at isoluminance by flicker criterion (42 Hz) at an eccentricity similar to the one used in the experiments. Target and non-targets had the same color, whereas the distractor (when present) was the single non-target form having a different color.
Distractor position in the array relative to the target was random. Target--distractor distance was measured as the minimal difference in position along circular stimulus array, so that a distance d= 1 represents a distractor flanking the target, whereas d = 3 represents a distractor at the opposite side in the array.
Procedure. A temporal two-alternative forced-choice (2AFC) task was used. A single trial consisted of two stimulus presentations in only one of which the line within the target form had a longer length than the other lines; in the other presentation all lines had the same length. Distractor condition (present vs absent) was consistent across the two presentations. The subject's task was to indicate in which of the two presentations the target form-singleton having a longer line was displayed. Form, color, and position of the target were randomly chosen between presentations in a single trial and between trials. The position of the distractor was random; therefore, in this first experiment target-distractor distance was not controlled across the two presentations in a trial. The trial sequence was the following. An alerting window appeared, requiring the subject to start the trial. Then the fixation cross appeared for 1000 msec. This was followed by the stimulus presentation which lasted 190msec (subject SG was also tested with different stimulus durations). An interval of 1000 msec, during which the fixation cross remained on, separated the second presentation. Then 500 msec after offset of the second stimulus the fixation cross disappeared and a window was displayed requiring the subject to respond whether the longer line was either in the first or second presentation. The subjects used the mouse pointer to respond. Immediately after the subject's response a feedback was given to errors by means of an acoustic bell. The next trial was initiated 1000 msec later.
The thresholds for line length were determined by means of an adaptive method converging to 75% correct responses (Tolhurst & Barfield, 1978) . The line length was initialized at the beginning of the block for being near the subject's threshold, as determined in an initial session. Then every four trials the subject's score was calculated and the line length in the target form changed for the next four trials. A staircase rule was used: if the score was 100% correct the line length was decreased by 1 pixel; if 75% correct, it was left unchanged; otherwise (chance level) it was increased by 2 pixels. For each experimental condition 48 trials were presented in a block. The threshold was calculated as the mean line length averaging across trials in the block, excluding the first eight trials from analysis.
A different staircase for each distractor condition (present vs absent) was used. Distractor conditions were intermixed between trials, resulting in blocks of 96 trials. A session consisted of one block of trials. The subjects In Experiment 1 (unknown-target-feature) the target was the form-singleton (either the single disk among diamonds or the single diamond among disks) and its color changed randomly (red or green). In Experiment 2 (known-targetfeature) the target was the form-singleton and its features were known in advance to be the single green disk among green diamond non-targets and, when present, a single red diamond distractor. In these experiments, when the distractor was present its distance from the target was random.
ran 3-8 experimental sessions after at least one training session. Subjects. Four subjects participated in this experiment: SG and GC were the authors, PQ and FC were unaware of the purposes of the experiment. The subjects had normal or corrected-to-normal vision and previous experience with similar tasks.
Results
The results are plotted in Fig. 2 as continuous lines; error bars represent ±1 SE between sessions. They show that the presence of a distractor elevated length threshold. This was confirmed with a repeated measures analysis of variance (ANOVA) on subjects' sessions with distractor (present vs absent) as a factor showing a significant effect (F1,18 = 53.6, P < 0.001).
Effects of target-distractor distance were investigated by measuring percent correct discrimination obtained by subdividing previous data by distances. Since targetdistractor distance was not controlled in this first experiment, we calculated percent correct on the basis of the distance in the positive presentation within each trial (i.e. the presentation that actually contained the longer line element). The results (Fig. 3) show that the distractor was most disruptive when it flanked the target. This distance effect was studied more carefully in Experiment 3, in which target-distractor distance was under experimental control.
The influence of stimulus duration was tested in subject SG in sessions in which the stimulus lasted 71, 107, and 190msec (stimulus duration blocked). The results showed complete overlap of performances for the three stimulus durations and this was confirmed by an ANOVA with distractor (present vs absent) and stimulus duration as factors [effect of distractor was significant (Fi,6=41.3, P<0.001), stimulus duration was nonsignificant (F2,6 = 0.03, P > 0.9) as was their interaction (/'2,6= 1.7, P>0.25)]. Therefore, in the following experiments the stimulus duration was fixed at 190 msec.
Discussion
The results show that the threshold for line length discrimination is elevated when the distractor is present. Moreover, target line discriminability is distance dependent, being worse when target and distractor are flanking.
As stated in the Introduction, the advantage of measuring psychophysical thresholds is to equate the similarity in the two distractor conditions, thus allowing their meaningful comparisons (Palmer et al., 1993) . In measuring a threshold, the saliency of the target is adapted by changing line length so that its discriminability is equated in the two distractor conditions. To determine target saliency, pop-out of odd-form and
Target-distractor distance longer line length concur; therefore, our thresholds probably compare object saliency. From another point of view, the subject can search for the form-singleton and then discriminate the length of the line inside. In this case the form-singleton acts like an exogenous cue in driving attention.
The first finding of a reduced discriminability in the presence of the distractor can have two possible explanations: either the distractor affects target perception at an early stage of target segmentation (e.g., due to early spatial interactions), or it affects a later stage of attentional selection. Tl~e next experiment will exclude the first possibility. According to the second explanation, the threshold difference', between present-and absentdistractor conditions gives a measure of the basic processing "step" of selecting one target and discarding one distracting singleton.
The second finding of an effect of distance between target and distractor can suggest some hypotheses about the mechanism on which selective attention is based. First, the sign of the distance effect is opposite to the one that can be predicted by theories which hypothesize that attention is shifted across the stimulus like a spotlight (Eriksen & Hoffman, 1973; Posner, 1980) . In fact, performance should be more degraded when the space that the spotlight had to traverse is larger, which is the opposite of our finding. Therefore, a different mechanism is involved than the one assumed in the searchlight hypothesis.
Second, another hypothesis is borrowed from the idea of an attentional gradient (LaBerge & Brown, 1989) . It is possible that "processing resources" are concentrated in a spatial position that is centered at the target location. The closer a distractor is to the center of the gradient, the more it gains access to recognition, hence the more it interferes with target identification. This explanation is consistent with the distance effect and it maintains the assumption of a serial stage in which resources are moved around the image. The mechanism that has been suggested is that resources correspond to the magnification of information flow in the selected spatial position.
Third, a further hypothesis is that a parallel mechanism is involved. Selective attention can be based on a stage of filtering that has a large albeit limited spatial size and that operates on potential target objects (singletons in the present stimuli). As suggested by distance effect, this filter has a center-surround structure. The filter selectivity must be set at "run-time" because target features are unknown before stimulus arrival. In the trials in which this filtering is erroneously set to the distractor features, the objects surrounding it will be suppressed; hence, if the target lays in this surround, it will be more suppressed than if it was far away from the distractor. This is in accordance with neurophysiological data showing that the receptive field of V4 cells shrinks down to the target features only when both target and distractor are within the receptive field.
These last two hypotheses for explaining the effect of target-distractor distance in part reflect the classical serial/parallel dichotomy, though now the parallel hypothesis is stated in terms of spatial vision.
G. CAPUTO and S. GUERRA

EXPERIMENT2
In this experiment the target features were known in advance: the target was the single green disk among green diamonds (non-targets) and, when present, a red diamond (distractor). This should allow top-down selection of the target; hence distractor influence should be reduced or even eliminated.
Methods
The same apparatus and geometrical stimulus characteristics as in the previous experiment were used. The target form-singleton was always a green disk among diamonds. All diamonds were green except, when present, the distractor that was a red diamond. The same 2AFC task and the same procedure as in the previous experiment were used. Two subjects (SG, PQ) had distractor condition (present vs absent) blocked; in a session, two blocks (48 trials each) were presented in random order. Two other subjects (FC, GC) had distractor conditions intermixed and a session comprised a single block of 96 trials. The subjects ran two training sessions; then they had 2-6 experimental sessions.
Results
The results are plotted in Fig. 2 as dotted lines. No threshold elevation was produced by distractor presence. This was confirmed by an ANOVA with distractor (present vs absent) as a factor showing a non-significant effect (El,14 = 0.04, P > 0.8).
Discussion
The results show that no interference by the distractor is present when the subject searches for the target object under guidance of its features.
The experimental result extends to feature cues a reasoning employed by other authors through use of spatial cues: reducing the number of attended items to only the item having the target features corresponds to a display in which only this item is actually present. In our stimuli, rather than using pointers as cues to the spatial positions of the relevant items (as used by Palmer et al., 1993) , a selection was guided by knowledge of the relevant features. The experimental result indicates that interference produced by the distractor in Experiment 1 is properly an attentional effect (Broadbent, 1958; Yantis & Jonides, 1990; Palmer et al., 1993) . Therefore, we can conclude that threshold elevation found in Experiment 1 is produced at a processing stage subsequent to the processing stages in which objects have been segmented.
The result is relevant with respect to the hypotheses previously proposed. The hypothesis of a resource gradient has been developed in experiments in which the target was known. Nevertheless, it cannot explain why in this experiment thresholds remained unaffected by the distractor. Therefore, the resource gradient hypothesis is unable to explain the experimental data.
On the other hand, the hypothesis of parallel filtering can explain in a straightforward manner the results. In the known condition, the attentional filter is set in advance to stimulus presentation for picking up the target features. Since target features are processed at earlier stages of object segmentation they are picked up without interference.
Our result is consistent with other response time studies that showed that knowledge of target features eliminates any evidence for selective attention (Pashler, 1988; Bravo & Nakayama, 1992) . Nevertheless, Theeuwes (1992; see also Bacon & Egeth, 1994) , with stimuli similar to those employed here, found that response times were longer even when the subjects knew the target features. The most compelling explanation is in terms of differences between response times and psychophysical thresholds: according to our hypothesis of selection, it is plausible that filtering requires a processing time even when operating in top-down condition. In fact, filtering may lead to an uncorrupted transmission of target information, but in any case requires time for processing (i.e. inhibiting the distractor) and this can be reflected in longer response times. This explanation was tested in Experiment 3.
As a consequence of our explanation, it can be hypothesized that in the top-down condition it is always the distractor that is suppressed and, from the results of Experiment 1, that the distractor is suppressed as a measure of its proximity to the target. Supporting results are from a paper by Cave and Zimmerman (1997) . They presented a probe after a search array of characters that could contain a target character. The response times to the probe showed that the positions flanking the target were more strongly inhibited (approx. 5 msec slower response times) than the positions farther from the target.
EXPERIMENT 3
In this experiment target-distractor distance was controlled. Moreover, in separate sessions the two search conditions (bottom-up vs top-down) were considered. As suggested by the results of Experiment 1, we expect that when the target features are unknown, thresholds should be more elevated if the distractor flanks the target. On the other hand, as suggested by the results of Experiment 2, when the target features are known, no threshold elevation should be found. Moreover, in this experiment two subjects performed the 2AFC task as a speeded discrimination, allowing direct comparison between threshold measurements and response times.
Methods
Stimuli. The same apparatus and geometrical stimulus characteristics were used as before. As in Experiment 1, in the unknown-target-feature condition the target was the form-singleton (either the single disk among diamonds, or the single diamond among disks) and its color was randomly chosen. On the other hand, in the known-target-feature condition, as in Experiment 2, the target was the green disk form-singleton among diamonds.
Procedure. The same 2AFC task as in the previous experiments was used. Known-and unknown-target- feature conditions were run in separate sessions. Within a session, four staircases were run, one for each targetdistractor distance (d = 1, 2, or 3) and for the absentdistractor condition. In the present-distractor condition the two presentations across a trial had the same targetdistractor distance, with target position randomized across presentations and trials. Target-distractor distance was randomly chosen in clockwise or counterclockwise directions with respect to the target. A session comprised one block of 192 intermixed trials (48 trials per condition); an intermedial;e pause (signaled by a window) subdivided the block in two sub-blocks. The stimulus sequence was similar, as in the previous experiments, except that no alerting nor responding windows were displayed. The starting of the trial was shown by the appearance of the fixation cross lasting 1000 msec. Then the first stimulus was displayed for 190 msec, followed by a IL000 msec interval, in which the fixation cross remained on. Finally, at the offset of the second stimulus presentation (190msec) the fixation cross disappeared and the program waited for the subject's response. The subject used two keys of the computer keyboard to respond. The subject's response initiated the next trial that began 1000 msec later. A feedback bell was given to errors.
Response times were measured from onset of the second stimulus presentation within a trial. Only trials containing the target in the second presentation were considered and only when the response was correct.
Response times beyond ±2 SD were discarded. This resulted in approx. 80 and 120 trials per distractor condition in unknown-and known-target-feature conditions, respectively, that were used for calculating mean response times.
Subjects. Two subjects participated: AB was unaware of the purposes of the experiment and GC was one of the authors. Subject AB performed the task with no time pressure. Response times were recorded for subject GC, who had wide experience with psychophysical tasks employing discrimination and concomitant response time measurement. The subjects had corrected-to-normal vision. They had a large number of training trials; then they ran (in counterbalanced order) three to five sessions in the unknown-target-feature condition and three to seven sessions in the known-target-feature condition.
Results
The threshold measurements are plotted in Fig. 4 . In the unknown-target-feature condition the presence of a distractor elevated length thresholds. The distractor had a particularly disruptive effect when it was in the target neighborhood, whereas farther away its effect was reduced and remained about constant across distances. These results were investigated with an ANOVA with a distractor condition as a 4-level factor; a significant effect was found (/73,21 = 34.2, P < 0.001). Post-hoc ANOVAs showed among others a significant (~ = 0.01) difference between d= 1 and d= 2, non-significant difference between d= 2 and d= 3, and significant difference between d = 3 and the absent-distractor condition.
In the known-target-feature condition thresholds remained unchanged whether or not a distractor was present. This lack of distractor interference was present for all distances. An ANOVA with a 4-level factor confirmed the non-significant effect (F3,27 = 0.2, P > 0.8).
Response times by subject GC are shown in Fig. 5 (open and filled squares) as mean response times -4-1 SE between trials. In both known-and unknown-targetfeature conditions, response times were inversely related to target-distractor distance. In the unknown-targetfeature condition response times parallel (albeit linearized) the results found with thresholds. The interesting finding concerns the known-target-feature condition because thresholds (which remained constant) and response times (which became slower at shorter distances) have discordant patterns.
This last result is relevant and was replicated by another subject (FC, unaware of the experimental purposes) who was tested in the known-target-feature condition only and performed six sessions under time pressure; his results are plotted in Fig. 5 (filled diamonds). Response times were inversely related to target-distractor distance. Thresholds were approx. constant across distractor conditions: Thd=l = 13.6 ± 1.1, Tha=a = 13.4 -4-1.0, Thd= 3 = 12.0 -t-1.0, Thabsent = 12.9 q-0.2 min arc. The slight threshold elevation at short distances was absent in other FC sessions performed without time pressure.
Discussion
The results in the unknown-target-feature condition show that: (1) the distractor elevates discrimination thresholds with respect to when it is absent. (2) Threshold elevation is strongest when the distractor is in the target neighborhood (a cusp at d= 1); then, for larger targetdistractor distances threshold elevation remains about constant (a plateau at d > 1); this discriminability pattern will be hereafter referred to as "distance-effect". (3) Response times are slower at shorter target-distractor distances.
The results in the known-target-feature condition show: (4) no threshold elevation in presence of a distractor; (5) no distance-effect; (6) slower response times at shorter target-distractor distances.
The comparison of the two conditions shows that: (7) thresholds are lower for a popping-out singleton (i.e. in the absent-distractor condition) in the known-with respect to the unknown-target-feature condition; (8) thresholds are overall lower in the known-target-feature condition when a distractor is present; (9) response times are overall faster in the known-target-feature condition.
Five relevant findings are uncovered by the experimental results and are discussed in the following. A first finding concerns the fact that spatial interactions between target and distractor, measured by thresholds across distances in the unknown-target-feature condition, are entirely under voluntary control, as shown by constant thresholds across distances in the known-target-feature condition. This finding indicates that these spatial interactions are due to attention and cannot be attributed to early stages of object segmentation.
A second finding concerns the response time results that, in the known-target-feature condition, extend previous studies by Theeuwes (1992) which did not test the effect of distance between target and distractor. The dissociation between response times and thresholds gives further insights about the process involved in selective attention. In fact, response time results indicate a spacedependent process in both knowledge conditions: we can hypothesize that the same mechanism is involved and operates similarly under both bottom-up and top-down control. In relation to our hypothesis of an attentional spatial filter, the difference between bottom-up and topdown conditions consists in the possibility to set-up in advance the spatial interactions used by the attentional filtering stage. In the bottom-up condition, spatial interactions have to be determined at "run-time" and hence there is the possibility that distractor features may be selected as target. If this erroneous choice occurs, it exerts an effect on thresholds. On the other hand, in the top-down condition, the effect on threshold does not appear because it is always the distractor that is suppressed during filteri:ag (as inferred from response times in the known-target-feature condition). In short, the effects of selective attention on discriminability are revealed by errors in trxget selection that have been allowed to occur experiraentally only in the bottom-up condition.
Moreover, as the known-target-feature condition shows, response times per se are unrelated to discriminability (i.e., thresholds). In fact, target discriminability is unaffected by a distractor when selective attention is directed toward the known target, while response times continue to show interference produced by the distractor. The distance-dependent increase in response times can be explained by the increase in processing time required for inhibiting the distractor at the attentional selection stage. Instead, the known target is picked up from the previous stage of segmentation and transmitted uncorrupted throughout the attentional filter toward later stages of recognition. Thus the dissociation between thresholds and response times provides further evidence for the idea that selective attention operates (hence response time changes) at a processing; stage that is later than object segmentation (hence constant target discriminability).
The alternative hypol:hesis of a resource gradient, which was proposed in the previous experiments, is instead unable to explain the dissociation in selective attention between response times and thresholds. Therefore, that hypothesis will not be considered further.
A third relevant finding was the constant target discriminability in the top-down condition: the presence of a distractor does not change thresholds with respect to when the distractor wrLs absent. Therefore, selective attention filters out effectively unwanted objects. The amount of target information remains the same as if the target was the only object present in the image. Thus, selective attention does not enhance perception, which, in our hypothesis, is based on earlier stages of object segmentation.
We can contrast our explanation of this finding with proposals by other authors. One possibility is that selective attention under top-down control enhances discriminability through amplification of the information flow at the target object location. This is similar to the model by Cave and Wolfe (1990) , which includes topdown effects in the form of an advance activation in feature maps responding to target features. These activations are then summed into a map of locations, hence the most activated location is the one that probably contains the target. This model does not agree with the finding of no threshold enhancement, and with the (inferred) inhibition of the distractor when target features are known.
A second explanation of the top-down effect is based on the model by Treisman and Sato (1990) . They hypothesized an inhibition to locations containing nontarget features, so that the items having strong mismatch with target features are excluded from the search. This model is consistent with the (inferred) advance inhibition of distractors. However, this model assumes that topdown control produces changes across the overall map of locations. Therefore, this model is unable to explain our effect of target-distractor distance on response times under top-down control.
A fourth and most relevant experimental finding is the spatial patterla of distance-effect in thresholds in the bottom-up condition. The distance-effect is clearly nonlinear across distances. We advance the hypothesis that the distance-effect results from the summation of two components of selective attention: the first is a shortrange threshold elevation (the cusp at d = 1); the second is an overall threshold elevation that is approx, constant for all distances (shown by the plateau at d > 1).
The first component indicates that a distractor is particularly disruptive only over a restricted spatial region in the image. This is relevant in relation to our hypothesis of an attentional filtering stage. We propose that features as high as segmented objects interact; these interactions are needed for finding the candidate object among potential targets (i.e. singletons in our stimuli). Computations like combinatorial explorations are performed. Exploration refers to the dynamical activation of interactions between objects. Combinatorial refers to the different possibilities that an object can get to be the target or not the target, depending on the other objects in the image. Combinatorial computation is a difficult task and the visual system needs to have developed some strategy to deal with its complexity (Tsotsos, 1990 (Tsotsos, , 1993 .
In the pattern of distance-effect the cusp for d = 1 can be in direct relation to the spatially limited process of selection. The visual system seems to take control over combinatorial complexity by limiting the spatial extent over which objects are put in interaction, or, in stronger words, by limiting the number of objects that are interacted to only the objects in the neighborhood of the candidate target.
The second component of selective attention (shown by the plateau at d > 1) can reflect a secondary moment in which, selection being already operated, non-selected objects are suppressed in parallel over the entire image. The large spatial extent of this suppression indicates that it is an effortless process compared with effortful combinatorial comparisons during the first selection stage.
A fifth experimental finding concerns the absentdistractor condition, which is a stimulus containing a form-singleton that pops out from identical non-targets. The threshold is lower under top-down control than under bottom-up control. Hence, pop-out in our stimulus is not based on an early processing and selective attention is operative. The phenomenological experience of an effortless localization of the target suggests that the combinatorial comparison between nearby elements may be involved in a restricted way and that only the second component of selective attention is implicated. Indeed, the degree of knowledge about the target in the bottom-up condition (search for oddities) can suffice to set up the selection filter very quickly to the target and with a small probability of erroneous choice of a non-target. Nevertheless, another possibility is that a new process may be involved.
In fact, the following question arises: what is the role of non-targets in the absent-distractor condition? This leads to investigate the pop-out mechanism. Requirements needed to produce a pop-out were studied by Bravo and Nakayama (1992) . The authors measured response times for a form discrimination of a target color-singleton, while the number of non-targets was varied. In the known-target-color condition, response times were constant for all set-sizes. On the contrary, in the unknown-target-color condition a negative set-size effect was found: response times were slowest for the smallest set-size (one target and two non-targets) and shortened progressively until set-sizes of 5-9; then, for larger setsizes response times remained constant. Our proposed explanation is that combinatorial comparisons are needed only for small set-sizes because non-targets gain the status of distractors, while at large set-sizes another process inhibits all non-targets together. We suggest that a process like background suppression in texture perception (Caputo, 1996) is involved when a large number of identical non-target is present, whereas in the present stimuli suppression involves high level features as segmented objects. Duncan and Humphreys (1989) refer to this as grouping.
Finally, we discuss distance-effect in relation to studies by Maljkovic and Nakayama (1994) ; Maljkovic and Nakayama (1996) . They employed the same kind of stimuli used by Bravo and Nakayama (1992) with the smallest set-size (one target and two non-targets) so that the intervention of selective attention is required (in this respect, the use of the term "pop-out" is at least inappropriate). They found a response time shortening even in the unknown-target-feature condition when the color or the position of the target singleton was repeated in subsequent trials. This shortening in response times was cumulative over 5-8 trials (~30 sec). The authors conclude that there is a priming of pop-out that is due to a decaying memory trace of the color-feature or of the location that was used in previous trials for selecting the target. Moreover, both facilitation of target color and location, and inhibition of non-target color and location, mediate priming.
These results agree with our idea of spatial filtering, in particular in what concerns inhibition of distractor features and the existence of a spatial structure of the selection filter. Given our interpretation, the results by Maljkovic and Nakayama can be explained by the fact that the opening of the spatial channel occurs at each trial. If this channel has some memory (like inertia) it will remain opened as long as it is re-used and not re-set. Nevertheless, active top-down control cannot be reduced to passive priming. In fact, further advantage in selection is gained when top-down control is possible (as further shortening of response times shows; Bravo & Nakayama, 1992) . Interestingly, priming and top-down control seem to have separable effects (see Fig. 6 in Maljkovic & Nakayama, 1994) .
EXPERIMENT 4
According to the proposal of an object-based selection, attentive spatial interactions should depend on the number of potential target objects (i.e. singletons) involved. This experiment used stimuli containing two distractors. The target was the form-singleton and one-, two-, or no-distractor could be present in intermixed trials [a two-distractors example is shown in Fig. I(C) ]. The target features were unknown. Increasing the number of distractors should lead to a progressive threshold elevation for target line length, as long as the number of distractors that have to be filtered out is increased.
Methods
Stimuli. The same apparatus and geometrical stimulus characteristics were used as before. Three isoluminant colors were employed, red, green and blue. The target was the form-singleton among non-targets having its same color. Target form (disk or diamond) and its color (red, green or blue) were randomly chosen at each presentation. The position of the target in the array was random. In the one-distractor condition a distractor was differently colored (randomly one of the two remaining colors) and had the same form of non-targets. In the twodistractors condition [ Fig. I(C) ] two distractors were present that had different colors from non-targets and between them. Subject GC had another condition in which the two distractors had the same color.
Procedure. The same 2AFC task and the same procedure as in Experiment 1 were used. Distractor ..c Distractor FIGURE 6. Results of Experiment 4 for three subjects, The target features were unknown: the target was the form-singleton (either the single disk among diamonds or the single diamond among disks) and its color changed randomly (red, green, or blue).
In the one-distractor condition a non-target form was differently colored (randomly one of the two remaining colors). In the twodistractor condition two non-target forms were differently colored from all other forms and (continuous lines) between them. Subject GC was also tested in a further condition (dashed lines) in which the two distractors had the same color. Distances between target and distractor(s) were random. Thresholds for the length of the line within the target are plotted for the different distractor conditions. conditions were consistent across the two presentations in a trial. Instead, distances between target and either distractor were random. A session comprised a block of 144 trials (48 trials per condition). Subject GC had blocks of 192 trials. The subjects ran two to six sessions after one training session. Subjects. Three subjects participated in this experiment: SG and GC were the authors; PQ was unaware of the purposes of the experiment. The subjects had normal or corrected-to-normal vision.
Results
The results are plotted in Fig. 6 . As found in Experiment 1, the presence of a distractor elevated the threshold for line length. This was confirmed with an ANOVA with distractor conditions as a factor (F2,20=51.9, P<0.001). Increasing the number of distractors progressively elevated the threshold. In fact, post-hoc ANOVAs showed that the three distractor conditions differed significantly (~= 0.01) from each other.
The results by GC in the two-distractor conditions (same-color vs differenl:-colors of the two distractors) show that the number o1' distracting colors was relevant (as shown by an ANOVA: F1,5 = 19.7, P < 0.01). Two distractors that had different colors were more disruptive on target discrimination than two distractors that had the same color.
Discussion
The results show that length thresholds are progressively elevated as the number of distractors is increased. This finding is similar to the set-size effect in visual search experiments and has been classically interpreted as evidence for a serial stage in which the spotlight of attention is moved on one item at a time (Treisman & Gelade, 1980) . Given the evidence against the spotlight hypothesis from the previous experiments, it is relevant to ask how this set-size effect could happen. This point is studied in Experiment 5 with manipulation of the distance between the target and the two distractors.
The effect of the number of the distractor colors may indicate that the filtering stage operates on a spatial map in which a measure of high level object saliency is computed. In fact, saliency depends on uniqueness in the image, so that a color-singleton is most salient when it differs from all other objects in the scene. Another related explanation can base the decreased effect of two samecolor distractors on grouping processes (Duncan & Humphreys, 1989; Grossberg, Mingolla, & Ross, 1994) with the fact that the two distractors can engage jointly . Results of Experiment 5 for two subjects. Three colors were used (green, red, and blue) that changed randomly between target and distractors. The target was the form-singleton and its features were unknown. Two distractors differing in color from target and non-targets, and differing in color between them, were present. A no-distractors condition was also measured. Distances between the target and the two distractors were controlled and are represented in the abscissa as two-plets. Thresholds for the length of the line within the target are plotted for different target-distractor distance two-plets and for the absent-distractor condition.
attention, producing a reduction in the number of singletons present in the image.
EXPERIMENT 5
In a final experiment, we investigated the effect of distance between the target and the two distractors. The target was the form-singleton and its features were unknown.
Methods
Stimulus characteristics were similar, as in Experiment 4. Two distractors were present, having different colors from non-targets and between them. Distances between the target and the two distractors were manipulated. Target position was random in the array. The two distractors appeared in opposite sides (randomly one clockwise, the other counterclockwise) with respect to the target. The absent-distractor condition was used as control. The same 2AFC task and the same procedure as in Experiment 3 were used. Distractor condition and target-distractor distances were consistent across the two presentations in a trial.
A session comprised a block of 336 trials that were subdivided in three sub-blocks by two intermediate pauses. Two subjects with normal or corrected-to-normal vision participated to this experiment. They were unaware of its purposes and performed 3-5 experimental sessions after one training session.
Results
The results are plotted in Fig. 7 as a function of distance two-plets between the target and the two distractors. Discrimination threshold of target line length was strongly elevated when distractors neared the target. The effect of distance two-plets was confirmed by an ANOVA with a 7-level factor showing a significant effect (F6,42 = 19.4, P < 0.001).
Moreover, it can be noticed that a discontinuity point seems to be present between conditions in which the target had in its neighborhood at least one distractor, and conditions in which both target-distractor distances were at d > 1. This was analyzed with a second ANOVA with a factor considering target-distractor neighboring [twolevels: ({ 1,1 }, { 1,2}, { 1,3}) vs. ({2,2}, {2,3}, {3,3})]; a significant effect (F1,7 =48.4, P < 0.001) was found. This is the same spatial pattern of the distance-effect found in Experiment 3. It can be shown even more straightforwardly by plotting in Fig. 8 previous data parametrized by the number of distractors (the plot shows means of subjects' sessions). Due to the symmetrical disposal of the stimulus array with respect to the target position, the results of Experiment 3 (unknown-targetfeature condition) for distances d = 1, 2, 3, and the results of the present experiment for two-plets {1,1}, {2,2}, { 3,3 } can be compared. The results are clear-cut: increasing the number of distractors had the effec~L of elevating thresholds by an amount that remained constant across all target-distractor distances. In other words, no interaction was present between target-distracto:r distance and number of distractors. This was shown by an ANOVA with distractor condition (four levels) and number of distractors as factors [distractor condition (/73,56 = 29.8, P < 0.001) and number of distractors (F1,56 = 6.3, P < 0.02) were significant, their interaction was non-significant (F3,56 = 0.1, P > 0.9)]. Therefore, probability summation can explain threshold elevation by doubling the number of distractors.
Discussion
The results show that the threshold for target line length is progressively elevated as the distractors neared the target. The threshold elevation is almost linear when at least a distractor is in the target neighborhood; otherwise thresholds remain about constant.
The comparison between one-and two-distractors at paired target--distractor distances is relevant in two respects. Firstly, it indicates that only one singleton at a time can set up selectiorL to its features. This is because the three singletons have different features that engage independently the selection filter. Therefore, increasing the number of distractors only increases the number of objects that can be selected, elevating the probability to set up the filter on the erroneous object features. Correspondingly, this elevates the probability for the non-selected singletons to be suppressed, and thus thresholds raise.
Secondly, the results indicate that only objects in the direct neighborhood of the selected object are considered in comparisons for finding the target. Otherwise, we had found a multiplicative effect of distractor number. Therefore, the visual system faces a combinatorial explosion in selective attention by restricting attentional filtering to picking up one object and by suppressing its direct neighboring objects. After a filter has been set up to the features of the selected object, a parallel suppression is extended over the rest of the image (in particular at d > 1), inhibiting, in this way, all singletons having nonselected features.
GENERAL DISCUSSION
Psychophysics
In the experiments reported here we used a threshold measurement as the dependent variable for gaining experimental control over target-distractor similarity. The results showed a threshold elevation in length discrimination of a line contained within a target formsingleton when a color-singleton was also present. The threshold was progressively elevated as the number of distractors was increased.
The second relevant finding concerned the role of voluntary control on selective attention. The threshold 684 G. CAPUTO and S. GUERRA 
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FIGURE 9. Results of the previous Experiment l and Experiment 4 summarized in a log-set-size log-threshold plot. In both experiments the target features were unknown. Data were pooled across subjects' sessions. Predicted slopes for the perceptual hypothesis (dotted line) and for the decisional hypothesis (dashed line) of selective attention are adapted from Palmer et al. (1993) ; these linear functions have a free-parameter given by the intercept with the vertical axis, so that they can be shifted to adapt to the experimental data.
elevation was present only when target features were unpredictably changed trial by trial. On the contrary, when target features were known in advance, the distractor became ineffective. We concluded that selective attention can effectively pick up the relevant information and discard unwanted information when knowledge is given about the features to search for. Therefore, selective attention does not produce an enhancement in target discriminability, it places discriminability at the level attainable if no object other than the target were present in the image. The third relevant result was the finding of a distanceeffect: the distractor had its strongest interference when it flanked the target. Therefore, selection of an object leaves an inhibitory surround in which discrimination of other objects is suppressed. In the following these findings are discussed.
Perception vs decision. These results are important for a quantification of selective attention in relation to the models by Palmer et al. (1993) , as summarized in the Introduction. It can be assumed (on the basis of the previous response time studies reported in the Introduction) with the kind of stimuli used here, that the relevant set-size corresponds to the number of singletons. Therefore, the results (pooled across subjects' sessions) are summarized in a log-log scale in Fig. 9 . With such scales, the decisional and perceptual hypotheses about selective attention as modeled by Palmer et al. (1993) are represented by lines.
As can be seen in the graphs, the results from Experiments 1 and 4 differ from the decisional hypothesis. This result is relevant in two respects. Firstly, the decision hypothesis is like a null hypothesis stating that the introduction of the construct of attention is not necessity. The present results falsify this null hypothesis. Therefore, selective attention must be introduced.
Secondly, if we consider only the line elements in our display, the experiments in this paper are similar to the mentioned experiments by Palmer et al. (1993) , where a discrimination task for a longer line segment among identical line segments was used. They found that increasing the number of elements across which to search elevated the target threshold along a function that completely overlapped the decisional hypothesis function. Now, by introducing peripheral cues such as popping-out singletons produced a threshold elevation that cannot be explained by decision noise.
The difference between these and our results is due to the different stimuli. In fact, it is not certain that the stimuli used by Palmer et al. (1993) involve selective attention. On the contrary, their stimuli can be considered as pop-out stimuli in which the target saliency has been greatly reduced. On the other hand, a large body of evidence indicates that our stimuli require selective attention when an unpredictable distractor singleton is present (Bacon & Egeth, 1994; Bravo & Nakayama, 1992; Pashler, 1988; Theeuwes, 1991 Theeuwes, , 1992 .
The slopes from Experiments 1 and 4 are lower than predicted by the perceptual hypothesis of attention. Such a hypothesis was based on a model in which all the items in the display are evenly sampled. Nevertheless, in our task the visual system has some (top-down) control, even in the bottom-up set-up (i.e. the template of the target is the form-singleton), and this control allows to guide attention with a greater probability toward the candidate target. This can explain the lowering of the slope. Spatial interactions in selective attention. Evidence for spatial interactions in selective attention was found by reporting a distance-effect in thresholds: a distractor produces the strongest decrease of target discriminability when it is in the target neighborhood; when targetdistractor distance is larger, discriminability is decreased by an almost constant (i.e. distance-independent) amount. This distance-effect is evident in the bottom-up selection when the actual target features are not known before stimulus presentation. On the other hand, thresholds are unaffected by the distractor when target features are known because top-down control can set-up in advance selection.
The dependence of spatial interactions upon knowledge of target features is relevant from two viewpoints. First, the relevance concerns our operational definition of selective attention (Broadbent, 1958; Palmer et al., 1993; Yantis & Jonides, 1990 ) as a change in performance that is under voluntary control, hence indicating that spatial interactions are due to attention. Second, the relevance is that attentional spatial interactions are not obligatory but reflect the viewer's current interest, hence indicating that they operate after earlier stages of object segmentation. This agrees with recent studies reporting that the input to the selection stage is constituted by segmented objects having a detailed surface representation (Enns & Rensink, 1991; He & Nakayama, 1992; Sun & Perona, 1996) . Further evidence fi3r the intervention of attentional spatial interactions at a processing stage later than object segmentation, is manifested by our finding that, contrary to thresholds, response times showed distance-dependent interactions even under top-down control. This indicates that spatial interactions carried out during selection require processing time; that is unrelated to target discriminability per se.
A single-stage explanation of attentional control is proposed in which bottom-up and top-down controls can use the same mechanism of target selection. In the bottom-up case this mechanism had to be set at "runtime" to a candidate object, while in the top-down case it is set to the target features before stimulus arrival. This explanation of top-down control is economical, since it only requires a mean by which knowledge representations have to reach and set up the selective filtering stage. Instead, other models (Cave & Wolfe, 1990; Treisman & Sato, 1990) introduce additional (uneconomical) machinery for explaining top-down control. These last models assume that top-down knowledge can reach early feature maps to set up facilitation or inhibition of target features across all image locations. In light of our finding of a distance-effect in response times under top-down control, these models are incorrect.
We propose that the pattern of distance-effect is the result of two components in selective attention. The first component has the function to compare the candidate object with objects in its neighborhood for finding the target that has to be selected. Then, the second component operates a parallel suppression on the overall image of the objects having non-selected features.
The first component is limited in the spatial range over which objects are compared: only objects in the direct neighborhood of the candidate object are considered. Therefore, selective filtering, although parallel, is tightly limited in its spatial extent. This is explained by the computational requirement of performing multiple comparisons: a computational explosion can be produced if the number of objects to be compared is increased (Tsotsos, 1990 (Tsotsos, , 1993 .
In this light, the filtering stage resembles a parallel resource-limited process (Duncan & Humphreys, 1989) in which all interactions are explored within a single processing "step". In the cases in which the image contains a number of objects to be compared that is beyond the computational power of this parallel stage, the visual system can deal with combinatorial complexity through multiple applications of the processing "step".
The second component is parallel across the entire image, since it is distance-independent. From this fact, we can hypothesize that it does not require strong computational effort. The second component of selective attention operates after the first component has selected the target features. Two mechanisms can be proposed: the first is based on lateral inhibitory interactions within the selection stage; the second is due to regulatory feedback connections between the selection stage and stages providing its inputs.
In addition to these results concerning stimuli in which a distractor singleton was present, evidence was also found that the simple popping out of a target singleton (i.e. the absent-distractor condition) requires attention. In fact, knowledge of target features enhanced target discriminability with respect to when target features were unknown. Given the phenomenological experience of an effortless process, it can be hypothesized that all non-targets are suppressed together like a background due to their grouping (Duncan & Humphreys, 1989 ) at a processing stage beyond early object segmentation. This hypothesis is similar to the proposed existence of a saliency map (Koch & Ullman, 1985; Cave & Wolfe, 1990 ) at the selection stage. As the present findings indicate, this map computes saliency across the image on the basis of differences in high level features, which is the case for segmented objects.
The present findings can be generalized to classical search experiments. In our stimuli, searching for the form-singleton requires a spatially local comparison of the selected object with neighboring objects. Strong interference in this comparison occurs when odd-form and odd-color objects are neighboring: this is due to the fact that both objects can become a candidate target in a bottom-up search for singletons. The same spatially localized comparison is probably involved in conjunction-search tasks, where each item can become a candidate target because it shares a feature with the template to be matched. Therefore, in our explanation, when selection is set to an item the items in its neighborhood will be strongly suppressed; then, this suppression is extended over the rest of the image to nonselected features. In our stimuli (Experiments 1-3) selection involves a single processing "step" because only two relevant items (i.e. the two singletons) are present. This is different from the conjunction search in which all items are relevant. Therefore, in conjunctionsearch this "step" must be repeated until the target is found. This can explain the appearance of linear increases in classical experiments of selective attention. We expect that at each "step" an inhibition is relayed to items having non-selected features.
Finally, we notice that our finding of a discriminability reduction of non-selected objects can be considered in relation to models that relate discrimination with figureground segmentation. The model by Grossberg et al. (1994) hypothesizes that attention is used to segment the target. Segmentation involves primarily computation of boundary contours, so that its inhibition produces a reduced discriminability in tasks involving contours, and length perception is one of these tasks. Interestingly, inhibition of segmentation is the same mechanism that the visual system uses even at early stages of image analysis (Caputo, 1996) .
Neurophysiology
The present findings can be considered in relation to neurophysiological studies of primates. The lesion study by Schiller (1993) found that area V4 is needed when low-level signals have to be detected among distractors having high-level signals. This is in accord with our results that indicate the involvement of a specific processing stage when salient distractors have to be suppressed.
The distance-effect seems to be consistent with neurophysiological results by Moran and Desimone (1985) . They showed that cells in V4 changed their response on the basis of which feature the monkey was giving attention to, but only when both target and nontarget features fell within the receptive field of the cell. In our case, when target and distractor singletons are flanking they will have a greater probability to fall within the same receptive field of V4 cells. An incorrect selection of the distractor can hence suppress the target. On the other hand, when target and distractor are far away, the target will fall in a receptive field together with a non-target so that it will not be subject to suppression if the distractor is initially selected erroneously.
A difference between our experiments and those of Moran and Desimone (1985) is that they used a spatial cue to target location, while we used a feature cue (in the known-target-feature condition) or a more general feature difference (in the unknown-target-feature condition). In this respect the study by Chelazzi, Miller, Duncan, & Desimone (1993) is similar to ours in that the target was known before the presentation of the search display. The authors showed that IT cells sensitive to distractors had their discharge inhibited approx. 200msec after search display onset and 90-120msec before saccade to the target location. Moreover, saccadic latency increased by 26 msec per item with display setsize augmented from 1 to 5 elements. This finding is in relation to the progressive threshold elevation we found when the number of relevant objects (singletons) is increased.
Spatial interactions in selective attention are likely to be due to the circuitry of intrinsic connections within area V4. The fact that these connections are already present but are inactive and need to be set up at "run-time" indicates that a highly dynamical process is involved. This is referred to in neurophysiological studies as "statedependent modulations" (Maunsell, 1995) . An increase in responses is found in a large set of V4 cells (about 75%; Motter, 1994a) when the animal is attending to the appearance of objects having a particular known feature. These state-dependent cells are intermixed with other V4 cells that do not show modulation.
In relation to our proposal of a two-component selective attention, we can hypothesize that statedependent cells serve: (i) to dynamically set-up the selection filter to pick up signals from cells of unmodulated type; only these last cells would forward to further stages, thus explaining why no discriminability enhancement is due to selective attention; (ii) to suppress the interfering objects at nearby locations; (iii) to suppress all non-selected objects across the entire image.
These mechanisms can be confronted with neurophysiological studies of V4 by Motter (1994a, b) that are closely related to the present findings. The author used an orientation discrimination task for a target bar defined by color among other bars of differing color and orientations. Some of his results are the following: (1) when a bar with target features was in the receptive field, the cell had an activated response; this activation was equally strong when a distractor bar intruded within the receptive field ( Fig. 8 in Motter, 1994b) . (2) A parallel activation in cells' responses when they had a target bar in the receptive field, and a parallel attenuation for cells having a distractor bar; these changes developed about 150-200 msec after stimulus onset (Fig. 9 in Motter, 1994a) . (3) A dynamical reversal in the activation/attenuation balance between cells when the target features were changed in the middle of the trial (Fig. 7 in Motter, 1994b) ; this response reversal occurred within 150 msec for neurons that from attenuated became activated, and within 300 msec for neurons that from activated became attenuated.
A test for the agreement of our hypothesis of a twocomponent mechanism in selective attention with Motter's results is that a causal relation should be present between the finding: (1) of the target stimulus gaining competition against a disl~actor stimulus and the finding: (2) of a parallel inhibitiola to cells having distractors in their receptive fields. Thi,; test consists of the finding (3) of a delay of about 150 msec between onset of target feature selection and onset of distractor feature inhibition.
Mechanisms of suppression in V4 are reflected in the receptive field structure of many V4 cells. These cells have a strong suppressive region surrounding the classically defined receptive field. A stimulus placed in this suppressive region de,es not affect the cell's response directly, while it can completely suppress the cell's response to a primary stimulus placed in the classical receptive field (Desimone, Schein, Moran, & Ungedeider, 1985; Schein & Desimone, 1990; Desimone, Moran, Schein, & Mishkin, 1993) . The effects of the suppressive surround extend up to at least 9 deg from the classical receptive field border (Desimone & Schein, 1987) .
In relation to pop-out of a single target in the display we have proposed that a background-like suppression of already segmented non-targets occurs. This mechanism operates when a large number of identical non-targets is present. Background-like suppression can be carried out by a mechanism that regulates input to the selection stage. Its basis may be the', feedback connections from V4 to V1 and V2 (Rockland, Saleem, & Tanaka, 1994) . As in the other cortical modules, these feedback connections originate in infragranular layers and project tangentially in superficial layers of targeted regions. We have no knowledge of articles localizing the layer of attentionally modulated cells in V4. T]aerefore, we can only speculate that infragranular neurons in V4 that respond (at the search stimulus onset) to non-targets can inhibit neurons in V 1 and V2 through feedback projections. Feedforward signals from V1 and V2 to neurons in layer 4 of V4 responding to non-targets, are then diminished. In this manner, after a delay from stimulus onset only V4 neurons responding to singletons have their activity popping out across the cortical map.
Finally, evidence for :~uppressive effects in attention has been found with human visual evoked potentials by Luck and Hillyard (Luck:, 1994) . In agreement with our filtering hypothesis, suppression was found at the distractor location only when the target was also present, and only in a difficult search task.
Computational models
Computational models of selective attention can be considered in relation to the present results. The models are often grounded on the spotlight hypothesis. More generally, they assume that attention enhances the information flow at the target location along a multiresolution pyramid. Koch and Ullman (1985) proposed that bottom-up selection is based on the serial examination of the items in measure of their saliency. The most salient item is first found in a saliency map (that is topographic) through a winner-take-all (WTA) mechanism based on a binary tree. Then a pattern matching is attempted with the template relevant to the task: if a matching occurs the item location is retrieved through a traversal of the tree in the reverse direction; otherwise, if a mismatch occurs the location in the saliency map of the just examined item is inhibited and attention shifts to the second most salient item. The model predicts a proximity effect in examining items: a shorter convergence time of the WTA is achieved when the locations, across which attention shifts, are close each to other. A conceptually similar implementation is the model by Olshausen et al. (1993) that uses a (neurobiologically implausible) network of all-to-all connections between control units for WTA; these units have the scope to gate the input of feedforward connections between successive feature layers. In this model no distance effect is predicted (see their Fig. 12 ). Therefore, both models are incorrect in their predictions in light of our finding of the strongest interference in the selection stage when the distractor is neighboring the target.
A selective tuning model was proposed by Tsotsos, Culhane, Wai, Lai, Davis, & Nuflo (1995) which comes out from constraints imposed on machine or on the neural vision system by computational complexity theory (Tsotsos, 1990 (Tsotsos, , 1993 . The image is analyzed in a pyramidal processing system that has the advantage of reducing the informational size of the representations to be processed via convergence from bottom to top. This architecture has some problems, the most important of which are a blurting of the input across the output layer and a cross-talk between different input units in activating common parts of the output layer. Reverse problems, from output to input, occur when information flow is from top to bottom. To solve these problems, selective attention has the role of localizing an image subset in a way such that interfering or corrupting signals from other image regions are minimized. A selective tuning model is used in two forms: spatial selection is realized by inhibition of irrelevant connections; feature selection is realized by inhibition of the units that compute non-selected features. This mechanism is implemented by a WTA process initiated at the top of the pyramid that cascades in a hierarchy of WTA processes in subsequently lower layers. Each WTA is localized on the input to each unit. The WTA consists of a competition that serves for one input to gain the response of the whole unit. In this way, all the branches of the pyramid that do not contribute to the winner are pruned and this pruning is applied to successively lower layers. The remaining path is the pass zone of an attentional beam, while the pruned paths form its inhibitory zone. The selective tuning model is in good agreement with the present findings. In particular, surround inhibition is produced by spatially localized interactions implemented in the local WTA process. Top-down selection is obtained by biasing the units responding to target features.
Finally, between-object comparisons at "run-time" can suggest that selective attention uses a dynamical mechanism. This leads us to mention recent studies of neuronal information coding that explain object-ground segmentation as a dynamical binding of the detectors responding to object features (Singer & Gray, 1995; Eckhorn, 1994; Niebur, Koch, & Rosin, 1993). As suggested above, attentional suppression of non-selected objects may be produced by inhibition of their segmentation, that is inhibition of their boundary contours. Therefore, attention to a selected object can be due to maintained synchronous coding in detectors responding to a high-level representation of that object, whereas suppression of non-selected objects can be produced by active de-synchronization of their detectors.
